1. Introduction {#s0005}
===============

Fibroblast growth factor (FGF) 15/19 (orthologs in rodent and human, respectively) and FGF21 belong to a distinct subfamily of FGFs that play important roles in metabolic regulation ([@bb0080], [@bb0010], [@bb0155]). Their effects on glucose and lipid homeostasis are interchangeable. Pharmacological studies with both molecules demonstrated comparable efficacy in lowering serum glucose, triglyceride (TG), and cholesterol levels, improving insulin sensitivity and reducing body weight in many diabetic disease rodent and non-human primate models ([@bb0020], [@bb0085], [@bb0195]). Both FGF15/19 and FGF21 activate FGF receptors (FGFRs) in the context of the co-receptor, βKlotho, a single-pass transmembrane protein with two homologous extracellular domains ([@bb0170], [@bb0095], [@bb0135], [@bb0015], [@bb0175], [@bb0120]).

Despite common pharmacological outputs on glucose and lipid metabolism, differences exist between FGF15/19 and FGF21. The ability of FGF15/19 to activate FGFR4, the predominant receptor expressed in the liver, has been linked to its regulation of bile acid (BA) homeostasis ([@bb0170], [@bb0205]). FGF15/19 signals from the intestine to the liver through the βKlotho/FGFR4 complex to suppress the expression of the rate-limiting enzyme of bile acid synthesis, cholesterol 7α-hydroxylase (*Cyp7a1*), as part of a negative feedback loop on bile acid synthesis in liver ([@bb0055], [@bb0065], [@bb0190]). Although other pathways are also involved in regulating bile acid biosynthesis, the FGF15/19-βKlotho/FGFR4 axis is critical in maintaining bile acid homeostasis. Mice deficient in *Fgf15*, *Fgfr4*, or *βKlotho* all exhibit elevated hepatic *Cyp7a1* mRNA expression, fecal BA excretion, and BA pool size ([@bb0070], [@bb0210], [@bb0040]) demonstrating the critical role of FGF15/19 in maintaining the feedback regulation of BA synthesis. Contrary to FGF15/19, FGF21 is unable to activate βKlotho/FGFR4 ([@bb0095], [@bb0180], [@bb0205], [@bb0035]), and accordingly has yet to be identified as a regulator of BA metabolism.

However, in our studies to understand FGF21 function, we observed that AAV-mediated FGF21 overexpression actually increased *Cyp7a1* expression and bile acid synthesis in the liver, resulting in a significant increase in bile acid pool size. Mechanism of action studies suggest that the observed increases in bile acid synthesis by FGF21 treatment is, at least in part, due to the shared binding site between FGF21 and FGF15/19 on co-receptor βKlotho, whereby FGF21 reverses the inhibition of bile acid synthesis by acting as an antagonist to FGF15/19 function. Our results provide evidence of cross-talk between endocrine FGFs, and reveal a pharmacological action of FGF21 in regulating bile acid homeostasis.

2. Materials and Methods {#s0010}
========================

2.1. Animal Housing and Care {#s0015}
----------------------------

Animal housing conditions and research protocols were approved by the Amgen Institutional Animal Care and Use Committee (IACUC). Mice were housed in a specified-pathogen free, AAALAC, Intl-accredited facility in ventilated microisolators. Procedures and housing rooms are positively pressured and regulated on a 12:12 dark:light cycle. All animals received reverse-osmosis purified water ad libitum via an automatic watering system. FGFR4 KO mice and WT littermates were generated as described earlier ([@bb0040]). C57BL/6J animals (The Jackson Laboratory) were singly housed and fed standard chow (2020 × Teklad global soy protein-free extruded rodent diet; Harlan). For diet-induced obese (DIO) animal studies, 16--18-week-old C57BL/6J male mice fed a 60 kcal% fat diet (D12492, Research Diets) for 10 weeks were purchased from the Jackson Laboratory.

Cholecystectomy was performed on 16--18 week old DIO animals at the Jackson Laboratory. In brief, after animals were treated with surgical anesthesia, excision of the gallbladder and ligature of the cystic duct and attached artery were performed. Animals were monitored for recovery before shipment.

For studies with protein injection, mice were intraperitoneally (i.p.) injected with recombinant FGF19 or human FGF21 protein (at 1 mg/kg body weight in 0.2 ml PBS) or an equal volume of PBS as a control.

2.2. Fasting Glucose, Insulin, Cholesterol and TG Measurements {#s0020}
--------------------------------------------------------------

Mice were fasted for 4 h beginning at 6 AM on the day of the experiment. Blood samples obtained from the tail vein were used for fasting glucose and cholesterol measurement. Fasting blood glucose was measured by AlphaTrak glucometer (Abbott). Insulin content was determined by using Insulin (mouse) ultra-sensitive EIA kit (80-INSMSU-E10, ALPCO Diagnostics). For tissue cholesterol and TG measurements, 40--50 mg of liver tissues were homogenized by Qiagen tissue lyzer for 30 s to 1 min and then extracted by chloroform/methanol (2:1 v/v). After washing with 0.5 ml of 50 mM NaCl and 0.5 ml of 0.36 M CaCl~2~/Methanol, organic phase was saved for further measurement. Serum and tissue cholesterol and TG were measured by Infinity™ Total Cholesterol Reagent (TR13421, Thermo Scientific) and Infinity™ Triglyceride Reagent (TR22321, Thermo Scientific), respectively.

2.3. Feces and Tissue Bile Acids Analysis {#s0025}
-----------------------------------------

Bile acids were measured enzymatically using the mouse total bile acid assay kit (80470, Crystal Chem). To determine fecal bile acid excretion, the feces from individually housed mice were collected, dried, and weighed over a 5--7 day period. Dried feces were then minced and extracted in 10 ml/g of 75% ethanol at about 50 °C for 2 h. The extract was centrifuged, and 1 ml samples of supernatant were diluted to 4 ml with a 25% PBS solution for the assay. The bile acid concentration was measured enzymatically, a measurement of buffer only without the extract was used as the background and subtracted from the measurement of each sample. Fecal bile acid content (μmol/100 g of body weight or μmol/animal) was used to represent bile acid excretion.

The total bile acid pool size was determined as bile acid content of the liver, gallbladder, and small intestine and its contents. After the mice were weighed, anesthetized, and exsanguinated, the fresh organs were collected, minced together, and extracted in 15 ml of 75% ethanol at about 50 °C for 2 h. The extract was centrifuged, 1 ml samples of supernatant for the assay were diluted to 4 ml with 75% ethanol, and then 1 ml diluted samples were further diluted to 4 ml with 25% PBS. Bile acids were determined enzymatically, a measurement of buffer only without the extract was used as the background and subtracted from the measurement of each sample. The pool size was expressed as micromoles of bile acid/100 g of body weight or μmol/animal.

2.4. AAV Preparation {#s0030}
--------------------

Recombinant adeno-associated virus (AAV) expressing mouse FGF15 or mouse FGF21 were produced by transient transfection into HEK293T cells using helper-free system, purified by gradient centrifugation, buffer exchanged. 1 × 10^11^--1 × 10^12^ virus particles per mouse in PBS expressing FGF15, FGF21 (under the control of EF1a promoter) or an empty vector as negative control were intravenously (i.v.) injected into mice through the tail vein.

2.5. FGF15 and FGF21 ELISA {#s0035}
--------------------------

Microtiter plates were coated with 2.0 μg/ml of sheep anti-mouse FGF15 (AF76755, R&D Systems) or goat anti-mouse FGF21 (AF3057, R&D Systems) in PBS overnight at 4 °C, and then washed one time with PBS. The plates were then blocked with 3% BSA in PBS for 1 h at room temperature followed by a two-time wash with PBS + 0.01% Tween-20 (PBST). Serum samples, diluted in PBS + 1% BSA, were added to the plates and incubated overnight at 4 °C followed by 3 washes with PBST. Biotinylated antibodies in PBS + 1% BSA were added and incubated for 1 h at room temperature. Streptavidin-conjugated HRP was then added and incubated for 20 min. The plates were washed 6 times with PBS + 0.01% Tween-20 and developed with tetramethyl benzidine (TMB) as substrate. 1 N HCl was added as the stop solution. The results were read on a SpectraMax plate reader (Molecular Devices) at 450 and 550 nm. Recombinant FGF15 and FGF21 proteins (R&D Systems) were used for standard curve.

2.6. Quantitative RT-PCR (RT-qPCR) {#s0040}
----------------------------------

Mouse tissue total RNA was isolated using QIAcube and RNeasy kit (Qiagen). 8 ng of isolated total RNA was used as starting material. The reactions were performed in duplicate on the BioMark™ HD System according to the manufacturer\'s protocol. Relative mRNA levels were calculated by the comparative threshold cycle method using four housekeeping genes as the internal controls. The primer and probes sets were ordered from IDT: *Cyp7a1* (Mm.PT.56a.17448793); *Cyp27a1* (Mm.PT.56a.42377566); *Cyp7b1* (Mm.PT.56a.31179802); *Cyp8b1* (Mm.PT.56a.12268653.g); *Hmgcr* (Mm.PT.56a.13325212); *Srebp1c* (Mm.PT.56a.42313188); *Asbt* (Mm.PT.56a.41743474); *Osta* (Mm.PT.56a.17102339); *Ostb* (Mm.PT.56a.23668920); *Abcg5* (Mm.PT.56a.8809476); *Abcg8* (Mm.PT.56a.7910478); *Bsep* (Mm.PT.56a.43710058); *Mrp2* (Mm.PT.56a.5554359); *Ntcp* (Mm.PT.56a.43000030); *Oatp1* (Mm.PT.56a.32911698); *Oatp4* (Mm.PT.56a.30581202); *Mrp3* (Mm.PT.56a.28882380); *Mrp4* (Mm.PT.56a.23407634.g).

2.7. Solid-phase Binding Assay {#s0045}
------------------------------

Nunc Maxisorp 96-well plates were coated overnight at 4 °C with 50 μl of 2 μg/ml AffiniPure rabbit anti-human IgG, Fcγ fragment specific antibody (Jackson ImmunoResearch). Plates were washed 4 times with PBS containing 0.05% Tween-20 and then blocked with PBS containing 3% BSA for 2 h at room temperature. Following another wash, 100 μl of 1 μg/ml human FGFR4-Fc was added and the plates were incubated for 1 h at room temperature. Plates were washed again and 45 μl of 0.5 μg/ml His-tagged soluble recombinant human βKlotho protein was added to each well. After 1.5 h, biotinylated FGF19 (using Pierce Sulfo-NHS-LC-Biotin) and unlabeled human FGF21 or FGF23 were added and the plates were incubated for another 1.5 h at room temperature. The plates were then washed and streptavidin-HRP (R&D Systems) was added for 30 min. After washing, TMB Reagent (BD Biosciences) was added and absorbance at 450 nm was read on SpectraMax.

2.8. Cell Culture and Transfections {#s0050}
-----------------------------------

L6 myoblast cells were maintained in DMEM (Mediatech) medium supplemented with 10% FBS (Invitrogen) and 1 × penicillin/streptomycin (Invitrogen). Cells were transfected with expression vectors using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer\'s protocol.

2.9. MSD Analysis of pERK Activation {#s0055}
------------------------------------

L6 cells (8 × 10^3^ cells per well) were transfected with βKlotho and FGFR4 in 96-well plates and serum-starved overnight the day after transfection. Following treatment with various concentrations of FGF proteins for 15 min, cells were snap-frozen in liquid nitrogen. Cell lysates were prepared by thawing the plates at 4 °C and adding 70 μl of complete MSD lysis buffer with 0.1% SDS to each well. Plates were shaken at 4 °C for 30 min on an orbital shaker. 25 μl of cell lysate was transferred to wells of Phospho/Total ERK1/2 Whole Cell Lysate plates (Meso Scale Discovery) and pERK and Total ERK were measured according to the manufacturer\'s protocol.

3. Results {#s0060}
==========

3.1. Both FGF15 and FGF21 Regulate Bodyweight, Glucose, and Bile Acid Synthesis *In Vivo* {#s0065}
-----------------------------------------------------------------------------------------

We utilized recombinant adeno-associated virus (AAV) as a gene delivery approach to overexpress FGF15 and FGF21, to study their functions *in vivo*. Both normal chow diet ([Fig. 1](#f0005){ref-type="fig"}) and DIO ([Fig. 2](#f0010){ref-type="fig"}) mice were injected with either AAV expressing FGF15, FGF21, or AAV containing an empty vector (EV) as the negative control. At week 2 post AAV injection, both animal models displayed the similar expected metabolic changes including reduced body weight, fasting glucose, insulin, and decreased plasma triglyceride (TG) and cholesterol levels ([Figs. 1](#f0005){ref-type="fig"}A and [2](#f0010){ref-type="fig"}A). Serum FGF15 and FGF21 levels in the injected animals reached 4000 ng/ml and 300 ng/ml, respectively (Fig. S1). As reported previously ([@bb0065]), FGF15 also lowered bile acid pool in both normal chow and high fat diet (HFD) fed animals ([Figs. 1](#f0005){ref-type="fig"}A and [2](#f0010){ref-type="fig"}A). Unexpectedly, in both animal models we found that in contrast to FGF15, FGF21 significantly increased bile acid pool ([Figs. 1](#f0005){ref-type="fig"}A, [2](#f0010){ref-type="fig"}A, Figs. S2A and S2B). The bile acid pool includes the combined bile acid contents collected from the liver, gallbladder, and small intestine. The bile acid levels in individual tissues as well as colon and feces (collected over a 5 to 7-day period) are depicted separately in [Figs. 1](#f0005){ref-type="fig"}B, [2](#f0010){ref-type="fig"}B, and Fig. S2. The small intestine holds the majority (\> 90%) of the bile acid pool. FGF15 overexpression significantly decreased small intestinal bile acid content and excreted fecal bile acid levels in chow fed animals. In contrast, FGF21 overexpression resulted in a significant increase in the liver and small intestinal bile acid level ([Fig. 1](#f0005){ref-type="fig"}B, Fig. S2), while in DIO animals FGF21 overexpression also resulted in either a trended or a significantly increased gallbladder and excreted fecal bile acid contents without or with normalization to body weight, respectively ([Fig. 2](#f0010){ref-type="fig"}B, Fig. S2). Because the positive effect of FGF21 on increased bile acid pool had not been reported, we sought to further understand the underlying mechanism for this observation. Since both chow fed and DIO models presented similar effects from both FGF15 and FGF21, we decided to focus on chow fed animals to further explore the mechanism of FGF21 regulated bile acid metabolism.

3.2. FGF15 and FGF21 Regulate Genes Involved in Bile Acid Synthesis and Transport {#s0070}
---------------------------------------------------------------------------------

To understand how FGF21 regulates bile acid metabolism, we assessed the genes involved in bile acid homeostasis in both liver and ileum. There are two bile acid biosynthetic pathways in the liver: the classic and the alternative; the former contributing to ∼ 75% of overall BA synthesis in mice ([@bb0140], [@bb0150]). Cholesterol 7α-hydroxylase (CYP7A1) catalyzes the first and rate-limiting step in the classic BA synthetic pathway ([@bb0130]). It is well established that CYP7A1 is tightly regulated by a negative feedback loop mediated by FGF15/19 ([@bb0055], [@bb0065], [@bb0180]). In AAV-FGF15 treated animals, *Cyp7a1* mRNA levels were significantly reduced, consistent with published reports. No significant changes to *Cyp27a1*, *Cyp7b1* (two key enzymes in the alternative pathway of BA synthesis) and *Cyp8b1* were observed upon FGF15 treatment. In contrast, FGF21 overexpression led to significant up-regulation of both *Cyp7a1* and *Cyp27a1* expression ([Figs. 1](#f0005){ref-type="fig"}C and [2](#f0010){ref-type="fig"}C). *Cyp7b1* expression was reduced in the FGF21-treated normal chow group but unchanged in DIO animals ([Figs. 1](#f0005){ref-type="fig"}C and [2](#f0010){ref-type="fig"}C). No significant changes were noted for sterol regulatory element-binding protein 1c (*Srebp1c*) and a trended increase in the cholesterol synthetic gene, 3-hydroxy-3-methyl-glutaryl-CoA reductase (*Hmgcr*) mRNA levels were observed in the liver of chow fed mice ([Fig. 1](#f0005){ref-type="fig"}C). Thus, these results suggest that the primary cause of the increased bile acid pool size in FGF21 treated animals is due to increased bile acid synthesis.

To further characterize the role of FGF21 in bile acid metabolism, we profiled the expression of hepatic and ileum membrane transporters known to play critical roles in maintaining bile acid and sterol homeostasis. The two genes, *Abcg5* and *Abcg8*, which heterodimerize to form a cholesterol efflux transporter, demonstrated the most significant change in the liver upon FGF15 and FGF21 treatment ([Figs. 1](#f0005){ref-type="fig"}C and [2](#f0010){ref-type="fig"}C). To a much lesser magnitude, expression of the bile salt export pump, *Bsep* (*Abcb11*), at the canalicular membrane of hepatocytes was down-regulated by FGF15 and up-regulated by FGF21 in chow fed animals. Along with increased synthesis of bile acid in the hepatocytes resulting from increased *Cyp7a1* expression, this suggests an increased excretion of cholesterol and bile salt from liver of FGF21 treated animals, consistent with the observed increased bile acid levels in the gallbladder and small intestine ([Figs. 1](#f0005){ref-type="fig"}B and [2](#f0010){ref-type="fig"}B). Expression of the three transporters involved in portal bile acid uptake, *Ntcp*, *Oatp1* (*Slc21a1*), and *Oatp4* (*Slca10*), were up-regulated by both FGF15 and FGF21. *Mrp3* (*Abcc3*) and *Mrp4* (*Abcc4*), located on the basolateral membrane important for systemic efflux of bile acids, were not affected by FGF15 or FGF21 treatment. In ileum, FGF15 and FGF21 mildly induced expression of the apical sodium-dependent bile acid transporter, *Asbt* (*Slc10a2*). While FGF15 mildly reduced expression of the organic solute transporter *Ostα/Ostβ*, and *Abcg5/Abcg8*, FGF21 did not affect *Abcg5/Abcg8* and slightly increased the *Ostβ* mRNA level ([Figs. 1](#f0005){ref-type="fig"}C and [2](#f0010){ref-type="fig"}C). Together, these data demonstrate that both FGF15 and FGF21 regulate key genes involved in maintaining bile acid homeostasis. While the effects of FGF15 and FGF21 on key bile acid synthetic genes, such as *Cyp7a1*, differ, many genes involved in cholesterol and bile acid transport are similarly regulated by FGF15 and FGF21.

To understand if these changes were mediated by a direct or indirect action of FGF21, we performed acute studies where the gene expression changes from liver and ileum were examined 20 min, 2 h, and 5 h after a single injection of recombinant FGF19 or FGF21 proteins. Since the plasma half-life of both FGF19 and FGF21 are only \~ 1 h ([@bb0200], [@bb0185]), any effects observed from this acute treatment is most likely results from direct effects of the ligands rather than indirect effects that may require extended exposure of the ligands. As shown in [Fig. 1](#f0005){ref-type="fig"}D, no significant changes to gene expressions were observed at the 20 min time point. At 2-hour and 5-hour post injection, while FGF19 suppressed *Cyp7a1* expression as seen from the chronic treatment, FGF21 did not increase *Cyp7a1*, it actually caused a slight reduction similar to a previous report ([Fig. 1](#f0005){ref-type="fig"}E and F, [@bb0190]). These results suggest that the increased bile acid synthesis from a chronic FGF21 treatment may be due to an indirect mechanism. Interestingly, while most of the affected transporters observed by FGF21 chronic treatment did not show a consistent change in the acute treatments, *Abcg5* and *Abcg8* were up regulated similar to the chronic treatment suggesting that the effects of FGF19 and FGF21 on these two genes might be a direct effect ([Fig. 1](#f0005){ref-type="fig"}F).

3.3. Effects of FGF21 on Lipid Homeostasis {#s0075}
------------------------------------------

Since FGF21 affected the expression of cholesterol and bile acid synthesis and transport genes, we further evaluated its effects on lipid metabolism. Similar to plasma TG levels, liver TG contents were significantly reduced upon FGF15 and FGF21 treatments ([Figs. 1](#f0005){ref-type="fig"}G and [2](#f0010){ref-type="fig"}D). Consistent with increased liver *Abcg5/Abcg8* expression, fecal cholesterol levels were increased by both FGF15 and FGF21 ([Fig. 1](#f0005){ref-type="fig"}H). Compared to the FGF21 group, the higher fecal cholesterol level in the FGF15 treatment group may be the additional effects of reduced conversion to bile acid and reduced absorption that resulted from lower bile acid pool levels in FGF15 overexpression animals. Despite the significantly reduced plasma cholesterol levels ([Figs. 1](#f0005){ref-type="fig"}A and [2](#f0010){ref-type="fig"}A), liver cholesterol contents were not significantly changed with either FGF15 or FGF21 ([Figs. 1](#f0005){ref-type="fig"}G and [2](#f0010){ref-type="fig"}D). In the case of FGF21, the increased demand for hepatic cholesterol for catabolism through both increased bile acid synthesis and ABCG5/8 mediated excretion may have resulted in a compensatory increase in the de novo synthesis and/or uptake of cholesterol-carrying lipoprotein from the blood into hepatocytes. The latter is consistent with the observed decreases in plasma total cholesterol levels in the FGF21-treated animals.

The effects observed with FGF21 treatment on bile acid and cholesterol metabolism as well as on insulin, glucose, and energy metabolism are reminiscent of the *Cyp7a1* transgenic mice (*Cyp7a1-Tg*) ([@bb0105], [@bb0100]). It is interesting to speculate whether bile acids contribute to the pharmacology observed with FGF21. Since FGF21 and FGF15 have opposite effects on bile acid metabolism, yet similar effects on glucose, lipid, and energy metabolism, we believe these endocrine FGFs can regulate metabolism independent of bile acids. However, since the magnitude of effects appears stronger for FGF21 over FGF15, one cannot rule out additional bile acid mediated contributions to FGF21 in these AAV studies.

3.4. FGF21 Effects are FGFR4 Dependent {#s0080}
--------------------------------------

Since FGF21-induced *Cyp7a1* expression on hepatocytes does not appear to come from a direct activating signal, we questioned if FGF21 mediates this action indirectly by interfering other bile acid regulatory pathways, such as the FGF15/19/FGFR4 axis. Since FGF15/19 suppresses bile acid synthesis directly through activation of βKlotho/FGFR4 on hepatocytes, we tested the effects of FGF21 on bile acid metabolism in FGFR4 knockout (KO) mice. Thus, if FGF21 impairs the FGF15/19-FGFR4 interaction, then FGF21 would lose its effect in FGFR4 KO mice. If, however, FGF21 mediates its effect through an alternative pathway, then the absence of FGFR4 should not affect FGF21\'s regulation of *Cyp7a1*. The FGFR4 KO line was generated using the Zinc Finger Nuclease (ZFN) technology and its characterization has been described in detail ([@bb0040]). AAV-FGF15, AAV-FGF21, and AAV-EV were injected into 10--12 week old FGFR4 KO and WT age-matched littermate controls. At this age, no body weight or glucose differences were detected between WT and FGFR4 KO mice, while increased basal *Cyp7a1* was observed in FGFR4 KO ([Fig. 3](#f0015){ref-type="fig"}A--D, comparing the EV groups). Overexpression of both FGF15 and FGF21 decreased bodyweight, fasting glucose, and insulin in both genotypes ([Fig. 3](#f0015){ref-type="fig"}A--C) consistent with previous reports that glucose regulation is mainly mediated through βKlotho/FGFR1c complex but not βKlotho/FGFR4 complex ([@bb0220]). While, as previously reported, the inhibition of *Cyp7a1* by FGF15 was completely dependent on FGFR4, the ability of FGF21 to increase *Cyp7a1* expression was also abolished in FGFR4 KO mice ([Fig. 3](#f0015){ref-type="fig"}D, [@bb0065]). In comparison, the effects of FGF15 and FGF21 on the expression of *Cyp27a1*, *Cyp7b1*, and *Cyp8b1* were modest and not affected by FGFR4 KO ([Fig. 3](#f0015){ref-type="fig"}D). Since FGF21 does not directly activate FGFR4 *in vitro* or *in vivo*, and FGFR4 KO has not reached the maximal *Cyp7a1* expression levels (a FGFR4 and SHP double KO showed a higher *Cyp7a1* level than either KO alone, [@bb0090]), this dependency of FGF21 on FGFR4 to up-regulate *Cyp7a1* suggest a potential mechanism of FGF21 on bile acid metabolism, by affecting the FGF15/19/FGFR4 pathway.

3.5. FGF21 Competes with FGF15/19 Binding to the βKlotho/FGFR4 Receptor to Modulate Downstream Signaling {#s0085}
--------------------------------------------------------------------------------------------------------

Previous studies show that the C-terminal domains (CTD) of FGF19 and FGF21 are responsible for binding to βKlotho, and FGF21-CTD inhibits FGF19 binding to recombinant βKlotho and FGF19 signaling in rat hepatoma cell line H4IIE ([@bb0175], [@bb0045]). This suggests that while FGF21 does not activate βKlotho/FGFR4, it may interfere with FGF15/19\'s ability to bind and activate βKlotho/FGFR4 receptor complex through competition at binding to βKlotho. However, on cell lines established to express a selective combination of βKlotho and FGFRs, FGF21 inhibited FGF19 binding only to βKlotho/FGFR1c but not to βKlotho/FGFR4 ([@bb0205]). This lack of competition reported by Yang et al. could be due to an insufficient amount of FGF21 used in their studies or an imbalanced FGFR4 and βKlotho levels. To clarify if FGF21 is able to block the binding of FGF19 to βKlotho when βKlotho is complexed with FGFR4, we established both FGFR4 dependent interaction and signaling assays. The interaction studies were performed on a solid phase ELISA binding format *in vitro*. We first tested the ability of FGF21 to compete with FGF19 binding to βKlothoECD (extracellular domain) in the absence of FGFRs. The recombinant βKlothoECD was first captured on plates, a dose dependent increase in signal was detected when increasing amounts of biotinylated FGF19 was added, indicating interaction between FGF19 and βKlotho as has been reported previously ([Fig. 3](#f0015){ref-type="fig"}E, [@bb0095], [@bb0120], [@bb0170]). At a fixed concentration of labeled FGF19, unlabeled FGF21, but not FGF23, was able to inhibit FGF19 signal indicating the ability of FGF21 to compete with FGF19 binding to the co-receptor ([Fig. 3](#f0015){ref-type="fig"}E). Next, we tested the effects of FGF21 on FGF19 interaction with βKlothoECD in the presence of FGFR4. Recombinant FGFR4 ECD fused with Fc (FGFR4ECD-Fc) was first captured on plates and then incubated with βKlothoECD. A dose dependent increase in signal was detected when increasing amounts of biotinylated FGF19 were added, indicating interaction between FGF19 and βKlotho/FGFR4 ([Fig. 3](#f0015){ref-type="fig"}F top panel). When unlabeled FGF21 was then added to this mixture at a fixed concentration of labeled FGF19, FGF21 was able to reduce FGF19 signal remaining on the βKlotho/FGFR4 complex ([Fig. 3](#f0015){ref-type="fig"}F bottom panel). Since FGF21 is only able to interact with βKlotho ([@bb0135]), which is retained on the plate through its interaction with FGFR4, these results suggest that FGF21 is able to block FGF19 binding to βKlotho/FGFR4 complex. To understand if FGF19 signaling through βKlotho/FGFR4 can also be inhibited by FGF21, we transfected L6 cells with βKlotho and FGFR4 and examined FGF19 mediated signaling. FGF19 induced phosphorylation of ERK (pERK) in transfected L6 cells in a dose dependent manner ([Fig. 3](#f0015){ref-type="fig"}G top panel). FGF21 did not induce signaling on βKlotho/FGFR4 in transfected L6 cells but was able to block the pERK signals of 10 nM FGF19, with similar potency to that of the binding assay ([Fig. 3](#f0015){ref-type="fig"}G lower panel). As a control, we also tested a variant of FGF19 without its C-terminal domain, FGF19dCTD. FGF19dCTD does not bind βKlotho and activates FGFR4 in a βKlotho independent manner ([@bb0180]). In contract to its effect on wild type FGF19, FGF21 did not inhibit FGFR4 signaling activated by FGF19dCTD ([Fig. 3](#f0015){ref-type="fig"}H). These results demonstrate that FGF21 can compete with FGF19 binding to βKlotho, and act as an antagonist of FGF19-mediated signaling through βKlotho/FGFR4. The high levels of FGF21 required to achieve effective inhibition in these two assays were due to the presence of high amounts of FGF19 ([Fig. 3](#f0015){ref-type="fig"}F, G). Under physiological conditions where FGF15/19 levels are several orders of magnitude less, the levels of FGF21 required to achieve inhibition may also be significantly reduced ([@bb0040], [@bb0075]). To further test this potential competition hypothesis, an AAV dose response study was also carried out. As shown in Fig. S3A, different amounts of injected AAV viral particles resulted in different amounts of plasma FGF21 levels. Effects on both body weight and fasting plasma glucose levels demonstrated a dose dependent response to FGF21 (Fig. S3B). Liver *Cyp7a1* expression and bile acid pool also demonstrated a dose dependent response (Fig. S3C). This dose dependency is also consistent with the expectation that antagonistic activity is more effective at higher FGF21 levels.

3.6. The C-terminal Tail of FGF21 is Unable to Regulate Body Weight and Glucose Metabolism, But is Sufficient to Increase *Cyp7a1* Expression {#s0090}
---------------------------------------------------------------------------------------------------------------------------------------------

Previous studies have shown that the βKlotho binding domain on FGF21 resides in its C-terminal portion, while the N-terminal domain is important for FGFR interaction and activation ([@bb0165]). A FGF21 C-terminal fragment (from amino acid residues 138--181, termed FGF21CTD or CTD here) has been reported to be completely inactive on receptor signaling but is still able to bind βKlotho ([@bb0045]). We, therefore, constructed an AAV to express this "inactive" FGF21, FGF21CTD, *in vivo*. If the hypothesis that FGF21 increases *Cyp7a1* expression by antagonizes FGF15/19 function on βKlotho/FGFR4 is correct, then FGF21CTD, due to its ability to bind βKlotho, should be able to inhibit FGF15/19 function and increase *Cyp7a1* expression while unable to activate any other function typically observed for FGF21. In addition, since FGF21-KO mice had only a mild phenotype and displayed no difference to wild type animals on body weight, glucose, insulin, and TG on a chow diet ([@bb0060]), FGF21CTD is not expect to cause any significant impact on these metabolic parameters even if the endogenous FGF21 function is blocked by FGF21CTD. As shown in [Fig. 3](#f0015){ref-type="fig"}I, FGF15 and FGF21 injected mice showed the expected reduction in BW, glucose, plasma cholesterol and TG levels. In comparison, mice receiving FGF21CTD showed no changes in BW, glucose or plasma cholesterol and TG levels, but *Cyp7a1* expression in the liver was increased similar to wild type FGF21 ([Fig. 3](#f0015){ref-type="fig"}I). Thus, this data substantiates the hypothesis that FGF21 increases bile acid synthesis via inhibiting FGF15/19\'s function through βKlotho/FGFR4.

3.7. FGF21 Treatment Increases Colon Bile Acid Content in a Mouse Cholecystectomy Model {#s0095}
---------------------------------------------------------------------------------------

Since dysregulated FGF19 signaling and bile acid levels have been implicated in human conditions such as bile acid diarrhea, we wondered the potential consequence of FGF21 induced bile acid changes under these pathological conditions. The effect of FGF21 on bile acid transit through the enterohepatic circulation was thus tested in a mouse cholecystectomy model, mimicking a pathophysiological condition where the capacity to hold bile acid is reduced. One month post-surgery, animals were injected with AAV-EV or -FGF21. Two weeks post-injection, mice receiving FGF21 exhibited the expected reduction in BW, fasting blood glucose levels, and plasma TG levels ([Fig. 4](#f0020){ref-type="fig"}A). Similar to the wild type animals under normal chow and DIO conditions ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}), FGF21 treatment in cholecystectomized animals also increased bile acid pool ([Fig. 4](#f0020){ref-type="fig"} and S2C). This increase in bile acid pool is not only reflected in the bile acid increases in the liver and small intestine, as is the case of wild type animals, there is also now a dramatic increase in the bile acid content in the colon (which was not observed in the wild type animals, compare [Fig. 4](#f0020){ref-type="fig"}B to [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). Expression analysis of key genes involved in bile acid synthesis and transport were also examined. Similar to the effects seen in wild type animals ([Figs. 1](#f0005){ref-type="fig"}C and [2](#f0010){ref-type="fig"}C), FGF21 also increased *Cyp7a1* and *Cyp27a1* expression indicating increased bile acid synthesis, while no significant changes were observed with *Cyp7b1* and *Cyp8b1* ([Fig. 4](#f0020){ref-type="fig"}C). The bile acid transporters in liver and ileum were similarly changed compared to wild type animals ([Fig. 4](#f0020){ref-type="fig"}C). These results not only confirm the ability of FGF21 to increase bile acid pool via increased synthesis, but also demonstrate that when the storage capacity for bile acid is reduced, the increased bile acid pool can over flow into colon.

4. Discussion {#s0100}
=============

FGF21 and FGF15/19 are two closely related molecules that play important roles in regulating glucose and energy homeostasis through a shared mechanism via the βKlotho/FGFR1c receptor complex ([@bb0220]). In addition, FGF19 is a key inhibitor of bile acid synthesis and pool size via direct engagement with liver βKlotho/FGFR4. Distinctly, FGF21 has yet to be linked to maintain bile acid homeostasis due to lack of activity on FGFR4. Here we provide data that over-expression of FGF21, contrary to FGF19, increases bile acid synthesis and pool size. Furthermore, we demonstrate that FGF21 achieves this not through direct activation of any FGFRs, but rather indirectly by inhibiting FGF19 function. We hypothesized that, since both FGF21 and FGF19 bind to overlapping sites on βKlotho, and require βKlotho binding for receptor function, FGF21 may be able to disrupt FGF19-βKlotho/FGFR4-mediated signaling. Our data corroborate this hypothesis by several lines of evidence: 1) although FGF21 does not activate FGFR4, its effects to induce *Cyp7a1* expression is dependent on FGFR4; 2) the ability of FGF21 to increase *Cyp7a1* expression observed in the chronic studies was not seen in the liver 5 hours post FGF21 injection, suggesting a potential indirect mechanism ([Fig. 1](#f0005){ref-type="fig"}); 3) FGF21 can directly inhibit FGF19 binding to and activation of βKlotho/FGFR4 complex *in vitro*, therefore may act as an antagonist to FGF19 mediated suppression of bile acid synthesis ([Fig. 3](#f0015){ref-type="fig"}); 4) an inactive FGF21, FGF21CTD, which binds βKlotho but does not signal or activate the βKlotho/FGFR complex, behaved similarly to native FGF21 in terms of bile acid regulation but failed to induce any effect on glucose or body weight regulation. Thus, together these results provide compelling evidence that the ability of FGF21 to increase bile acid synthesis and pool size is, at least in part, through its ability to antagonize the interaction of FGF19 with βKlotho/FGFR4, thereby modulating FGF19-mediated inhibition of bile acid synthesis.

Identifying this interplay between FGF21 and FGF19 to βKlotho revealed a novel regulatory mechanism to their function. Such crosstalk between different FGF molecules is not restricted to endocrine FGFs, a recent report also highlighted a regulatory mechanism via overlapping binding sites on FGF receptor between a paracrine FGF, FGF8, and βKlotho ([@bb0045]). βKlotho binds the immunoglobulin-like domain III (D3) of the "c" splice isoform of FGFR1--3 and FGFR4. Intriguingly, this portion of the FGFR is also the binding site for FGF8, suggesting there could also be cross regulation between paracrine and endocrine FGF molecules. Therefore, in addition to the tissue specific expression of FGF receptors and co-receptors, competition between FGF molecules to co-receptor or receptors, or between FGFs and co-receptors to FGF receptors could serve as an additional layer of functional regulation under physiological or pathophysiological conditions *in vivo*.

Expression analysis was performed to further understand the effects of FGF21 on bile acid metabolism. As discussed above, the key gene involved in bile acid synthesis, *Cyp7a1*, was regulated in opposite directions by FGF21 and FGF15/19. Similarly, the export pump on hepatocytes moving bile salts to the gallbladder, *Bsep*, is also increased in FGF21-treated animals but reduced in FGF15-treated animals, corresponding to the increased or reduced bile acid synthesis effects of these two molecules. FGF21 also increased *Cyp27a1* expression but was minimally affected by FGF15 treatment. However, while FGF21 and FGF15 regulated *Cyp7a1* and *Bsep* in opposite directions consistent with their observed effects on the bile acid pool, most of the other affected transporters were regulated similarly between FGF21 and FGF15. For example, the ileal transporter *Asbt*, and transporters involved in portal bile acid reuptake into hepatocytes, *Ntcp*, *Oatp1*, and *Oatp4* were all up-regulated by both FGF21 and FGF15. In the chronically reduced bile acid pool conditions under FGF15 treatment, these increases might be a compensatory effect to reabsorb and preserve the remaining bile acid pool. However, the similar increases in the FGF21-treated group may argue either that increased bile acid flux itself may trigger increased reuptake, or alternatively, that both FGF21 and FGF15 activated a common receptor(s) on liver and ileum directly or produced a common endocrine factor from another tissue that acted on liver and ileum to induce these increases.

The opposing effects of FGF21 and FGF15/19 on bile acid synthesis observed in our studies raises the question of whether FGF21 is an endogenous regulator of FGF15/19. It is interesting to note that, diabetic animals and humans have elevated bile acid pool and fecal bile acids with impaired FGF15/19 signaling or FGF15/19 resistance ([@bb0025], [@bb0115], [@bb0005]). Coincidentally, serum FGF21 levels were also significantly elevated under these conditions while FGF19 levels may be reduced ([@bb0225], [@bb0110], [@bb0050], [@bb0030]). In addition, the oscillating plasma FGF21 and FGF15/19 levels do not appear to coincide with each other, when FGF21 is high FGF15/19 is low and vice versa ([@bb0030], [@bb0215], [@bb0125]). And lastly, since FGF21 is mainly produced in the liver, the local liver FGF21 levels may be significantly higher than plasma levels, raising the possibility that the interplay between endogenous FGF21 and FGF19 may exist. Future studies will be needed to address whether this antagonistic mechanism may indeed be important under physiological conditions for bile acid regulation. However, our results suggest that FGF21 may indeed antagonize FGF19 function on FGFR4 at least under certain pharmacological and supraphysiological conditions. Our results further show that in a cholecystectomy model, overexpression of FGF21 not only increased bile acid synthesis and bile acid pool size, but also with reduced capacity to hold bile acid in the absence of a gallbladder, more bile acid was observed transiting into the colon ([Fig. 4](#f0020){ref-type="fig"}). Since reduced FGF19 function, cholecystectomy, and increased bile acid flux into colon are risk factors for bile acid diarrhea in humans ([@bb0160]), clinical evaluation of FGF21 molecules especially in patients without a functional or intact gallbladder, should be monitored for changes to bile acid metabolism and diarrhea. Consistent with these arguments, a recent clinical study with a long acting FGF21 analog in human type 2 diabetes subjects where the plasma exposure of the FGF21 drug was significantly higher than the level measured in our AAV studies, the most frequent adverse events (AE) reported were diarrhea especially in high dose group ([@bb0145]). Although the authors did not described the mechanism for this AE nor clarified whether bile acid metabolism was affected in these subjects, it is interesting to speculate whether interference of the FGF19 pathway due to high FGF21 levels might have contributed to diarrhea. However, as the studies described in this report are all from overexpression of mouse FGF21 in rodent models, the relevance of these findings to humans will require direct assessment of bile acid metabolism in future clinical studies.

In conclusion, we identified a novel role for FGF21 in regulating bile acid homeostasis. Overexpression of FGF21 in mice leads to increased bile acid synthesis and bile acid pool size, at least in part, through antagonizing FGF15/19\'s ability to function through βKlotho/FGFR4. Therefore, pharmacological administration of FGF21, in addition to its anti-diabetic effects, may also impact bile acid homeostasis by blocking endogenous FGF15/19-regulated bile acid synthesis. These observations may have clinical significance as the FGF21 pathway continues to be explored for therapeutics.
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![FGF15 and FGF21 over-expression *in vivo* induce similar body weight and glucose lowing effects but opposite bile acid regulatory effects. 10--12 week old C57BL/6 animals were injected with AAV-empty vector (EV), AAV-FGF15 or AAV-FGF21 (n = 8 each group). (A) Body weight, fasting glucose, plasma cholesterol, triglyceride and insulin were significantly decreased at week 2 post AAV delivery. Mice treated with AAV-FGF15 showed significantly decreased total bile acid level, while AAV-FGF21 showed significantly increased total bile acid level when compared to AAV-EV treated control group. (B) Liver, gallbladder, small intestine, colon and feces bile acid levels in animals treated with AAV-EV, AAV-FGF15 and AAV-FGF21 (n = 8 each group). (C) qPCR analysis of key enzymes in bile acid synthesis and transporters in the liver and ileum. mRNA abundance was normalized by housekeeping genes and is presented as relative expression. (D--F) qPCR analysis of key enzymes in bile acid synthesis and transporters in the liver and ileum 20 min (D), 2 h (E), or 5 h (F) after FGF19 and FGF21 treatment. mRNA abundance was normalized by housekeeping genes and is presented as relative expression. (G) Liver TG and cholesterol contents. (H) Fecal cholesterol contents. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.](gr1){#f0005}

![Both FGF15 and FGF21 lower body weight and glucose levels in DIO animals but exhibit opposite actions on bile regulation. 16--18 week old C57BL/6 DIO animals were injected with AAV-empty vector (EV), AAV-FGF15 and AAV-FGF21 (n = 8 each group). (A) Body weight, fasting glucose, plasma cholesterol, TG, insulin were significantly decreased at week 2 post AAV delivery. Mice treated with AAV-FGF15 showed significantly decreased total bile acid level, while AAV-FGF21 showed significantly increased total bile acid level when compared to AAV-EV treated control group. (B) Liver, gallbladder, small intestine, colon and feces bile acid levels in animals treated with AAV-EV, AAV-FGF15 and AAV-FGF21. The measurements for liver are likely below the detection limit of the assay especially for the EV group, which may be the reason for the negative value after subtracting background of the assay. (C) qPCR analysis of key enzymes in bile acid synthesis and transporters in the liver and ileum. mRNA abundance was normalized by housekeeping genes and is presented as relative expression. (D) Liver TG and cholesterol contents. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.](gr2){#f0010}

![FGF21 regulates bile acid synthesis by antagonizing FGF19 function. (A-D) FGF21 effects on bile acid synthesis are FGFR4 dependent. 10--12 week old FGFR4 KO and littermate control animals were injected with AAV-EV, AAV-FGF15 or AAV-FGF21 (n = 8 each group). (A) Body weight, (B) fasting glucose, and (C) insulin were significantly decreased at week 2 post AAV deliveries in both control and FGFR4 KO animals, (D) qPCR analysis of key enzymes in bile acid synthesis in the liver. mRNA abundance was normalized by housekeeping genes and is presented as relative expression. *Cyp7a1* regulation by FGF15 and FGF21 was only observed in littermate control but not FGFR4 KO animals. (E--H) FGF21 competes with FGF19 for binding to βKlotho and βKlotho/FGFR4 *in vitro* and modulates pERK signaling. (E) Recombinant βKlotho was coated on plate. FGF19 showed binding to βKlotho in a dose dependent manner. At a fixed 40 nM concentration of labeled FGF19, unlabeled FGF21, but not FGF23, inhibited FGF19 binding to βKlotho. (F) Recombinant βKlotho and FGFR4 were coated on plate. FGF19 showed βKlotho/FGFR4 binding in a dose dependent manner. An increasing amount of FGF21 was incubated with 5 nM FGF19, and a dose dependent inhibition of βKlotho/FGFR4 was observed. (G) L6 cells were transfected with expression vectors expressing hβKlotho and hFGFR4. FGF19 induced p-ERK activity in a dose dependent manner. An increasing amount of FGF21 was incubated with 10 nM FGF19, and a dose dependent inhibition of βKlotho/FGFR4 was observed. (H) L6 cells were transfected with expression vectors expressing hβKlotho and hFGFR4. FGF19dCTD induced p-ERK activity in a dose dependent manner. At a fixed 300 nM concentration of FGF19dCTD, unlabeled FGF21 did not inhibit FGF19dCTD signaling through βKlotho/FGFR4. (I) The C-terminal domain of FGF21 fails to regulate bodyweight and glucose levels *in vivo*, but maintains up-regulation of *Cyp7a1*. 10--12 week old C57BL/6 animals were injected with AAV-EV, AAV-FGF15, AAV-FGF21 or AAV-FGF21CTD (labeled as CTD, n = 8 each group). Body weight, fasting glucose, plasma cholesterol and triglyceride of AAV-FGF15 and AAV-FGF21 treated animals were significantly decreased at week 2 post AAV delivery, while AAV-FGF21 CTD did not present such effects compared to control animals. In contrast, AAV-FGF21 CTD significantly increased *Cyp7a1* expression in liver similarly to wild type FGF21. Expression of the CTD construct was verified by qPCR using a probe specific for the AAV expressed FGF21 or CTD. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001, ns not significant.](gr3){#f0015}

![FGF21 significantly increases colon bile acid regulation in cholecystectomized DIO animals. 16--18 week old C57BL/6 DIO animals underwent cholecystectomy surgery. One month post-surgery, animals were injected with AAV-EV or AAV-FGF21 (n = 8 each group). (A) Body weight, fasting glucose, and plasma triglyceride were significantly decreased at week 2 post AAV delivery. The total bile acid pool levels were significantly increased in animals treated with AAV-FGF21. (B) Liver, small intestine, colon and feces bile acid levels in animals treated with AAV-EV and AAV-FGF21 (n = 8 each group). (C) qPCR analysis of key enzymes in bile acid synthesis and transporters in the liver and ileum. mRNA abundance was normalized by housekeeping genes and is presented as relative expression. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.](gr4){#f0020}
